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Chelated metal ion modulates the strength and geometry of 
stacking interactions: energies and potential energy surfaces for 
chelate-chelate stacking  
D. P. Malenova and S. D. Zarić*a,b 
Quantum chemical calculations were performed on model systems of stacking interactions between the acac type chelate 
rings of nickel, palladium, and platinum. The CCSD(T)/CBS calculations showed that chelate-chelate stacking interactions 
are significantly stronger than chelate-aryl and aryl-aryl stacking interactions. Interaction energy surfaces were calculated 
at LC-ωPBE-D3BJ/aug-cc-pVDZ level, which gives energies in good agreement with CCSD(T)/CBS. Stacking of chelates in 
antiparallel orientation is stronger than stacking in parallel orientation, which is in agreement with larger number of 
antiparallel stacked chelates in the CSD crystal structures. The strongest antiparallel chelate-chelate stacking interaction is 
formed between two platinum chelates, with CCSD(T)/CBS interaction energy of -9.70 kcal/mol, while the strongest 
stacking between two palladium chelates and two nickel chelates has CCSD(T)/CBS energies of -9.21 kcal/mol and -9.50 
kcal/mol, respectively. The strongest parallel chelate-chelate stacking was found for palladium chelates, with LC-ωPBE-
D3BJ/aug-cc-pVDZ energy of -6.51 kcal/mol. The geometries of potential surface minima are not the same for the three 
metals. The geometries of minima are governed by electrostatic interactions, which are the ones determining the 
positions of energy minima. Electrostatic interactions are governed by different electrostatic potentials above the metals, 
which is very positive for nickel, slightly positive for palladium, and slightly negative for platinum. 
Introduction 
Stacking interactions are of great importance for various 
chemical and biological systems.1 Most of the studies on 
stacking interactions were dealing with aromatic molecules,2–11 
primarily due to their significant role for protein12,13 and DNA 
structure.14,15 However, in the past decade it was shown in 
numerous studies that other molecules and fragments can be 
involved in stacking interactions.16–21 Moreover, it was shown 
that stacking interactions that involve nonaromatic rings or 
molecules have similar or even higher energies than aromatic 
stacking interactions.20,22–24  
It has been shown that chelate rings of transition metals, 
which are of great interest to materials science25–27 and crystal 
engineering,28–30 can also form stacking interactions.16,17,31–34 
Interactions of planar chelate rings with C6 aromatic rings
16 and 
with other chelate rings17 can be frequently found in crystal 
structures. It was shown that C6 aromatic rings prefer stacking 
with chelate rings than with other C6 aromatic rings, with 
geometries of these chelate-aryl stacking interactions being 
parallel displaced, similar to the geometries of aryl-aryl 
stacking interactions.16 This preference of aromatic rings 
towards chelate rings was confirmed by calculating the 
interaction energies between benzene and six-membered 
chelate rings,23,24 showing that chelate-benzene stacking can 
be substantially stronger (the strongest interaction has the 
energy of -6.39 kcal/mol)24 than benzene-benzene stacking 
(-2.73 kcal/mol).7  
The evidence of stacking interactions between two chelate 
rings was provided in several studies.17,35–37 The analysis of 
crystal structures deposited in the Cambridge Structural 
Database showed high occurrence of stacking interactions 
between chelates fused with other chelate or aromatic rings, 
but also significant number of interactions between isolated 
chelate rings.17 Geometries of these interactions can be 
parallel displaced (similar to geometries of aryl-aryl stacking 
interactions), with typical orientations of such rings being 
parallel and antiparallel, but they can also be face-to-face,17,38 
which is not typical for aryl-aryl stacking.9 
There were several studies that attempted to quantify the 
strength of intermolecular interactions of complexes with 
chelate rings, however, the interactions were not only stacking 
of chelate rings, but they involved simultaneously other 
interaction types, such as hydrogen bonds.22,38 In this study, 
we provide the first report on isolated chelate-chelate stacking 
interaction energies calculated with CCSD(T) method at the 
complete basis set (CBS), which is considered the gold 
standard of quantum chemistry.39,40 Preliminary data on 
potential energy surfaces for chelate-chelate stacking 
interactions were published in a recent review.41 In this paper, 
we provide the detailed study of potential energy surfaces of 
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chelate-chelate stacking, followed by the analysis of 
electrostatic potentials to demonstrate the metal ion influence 
on these interactions. 
Computational Details 
All calculations were performed by using the Gaussian 09 
(version D.01) program package.42 Stacking interactions 
between chelate rings were studied on model molecules which 
contain nickel, palladium and platinum as metal ions. Ligands 
in these complexes are the formate anion (HCO2
-), which forms 
four-membered chelate ring, and the enolate form of 
malondialdehyde (C3H3O2
-), which forms six-membered 
chelate ring of acetylacetonato (acac) type, which is of our 
primary interest. Monomer geometries were optimized with 
M06HF density functional43,44 with def2-TZVP basis set45 and 
confirmed as true minima by performing calculations of 
vibrational frequencies. Effective core potentials were used for 
palladium and platinum atoms.46  
To study chelate-chelate stacking, two orientations of 
chelate rings were considered: antiparallel and parallel (Figure 
1), since these are the highly dominant orientations of chelate 
rings in crystal structures.17  
 
 
Figure 1. Geometrical parameters used for the description of chelate-chelate 
interactions. Centrers of interacting chelates are denotes as Ω and Ω’, while Ω’p is the 
projection of Ω’ onto the plane of the other chelate. Normal distance R is the distance 
between Ω’ and Ω’p. Horizontal displacement (offset) r is the distance from the Ω to 
Ω’p. If torsion angle M-Ω-Ω’-M’ is equal to 180°, the interacting chelates are in 
antiparallel orientation (a); it torsion angle M-Ω-Ω’-M’ is equal to 0°, the interacting 
chelates are in parallel orientation (b).  
 
Potential energy surfaces for stacking of nickel, palladium 
and platinum chelates were therefore calculated with LC-ωPBE 
density functional47–49 with Grimme D3 dispersion correction 
and Becke Johnson damping (D3BJ),50 by using the aug-cc-
pVDZ basis set.51–55 Effective core potentials were used for 
palladium and platinum atoms.46 Basis set superposition error 
was removed by counterpoise procedure of Boys and 
Bernardi.56 We used this method, since we have shown that it 
is in good agreement with CCSD(T)/CBS level (see Supporting 
Information). The CCSD(T)/CBS energies were calculated for 
minima at potential energy surfaces, using the method of 
Mackie and DiLabio.57 
Electrostatic potential maps for the complexes of nickel, 
palladium and platinum from our previous work41 were used in 
this study to explain the electrostatic effects in chelate-chelate 
stacks. These maps were calculated from LC-ωPBE-D3BJ/aug-
cc-pVDZ wave functions obtained with Gaussian 09 suites of 
programs, and visualized with gOpenMol v3.0 program.58 The 
surfaces of all three molecules were defined by 0.004 a.u. 
contour of electron density, since it was shown previously that 
the differences on electrostatic potential surfaces of 
complexes with different metals can be noticed at this value.59 
Results and Discussion 
 
Interaction energies and potential energy surfaces 
 
Potential energy surfaces were calculated at LC-ωPBE-
D3BJ/aug-cc-pVDZ level for model systems of nickel, palladium 
and platinum complexes presented at Figures 2 and 3. 
Potential energy surfaces were calculated by varying the 
normal distances for the series of offset values (Figure 1). The 
strongest calculated energies for all offset values are 
presented as potential energy curves (Figures 4 and 6).  
The starting position for both antiparallel and parallel 
orientations is face-to-face, with center of one acac type 
chelate above the center of the other acac type chelate ring 
(geometries 0ap and 0p, Figures 2 and 3, respectively). The 
position of one chelate ring was then fixed, while the other 
one was displaced in different directions (Figures 2 and 3): 
along the twofold axis (model systems Aap and Ap) and along 
the line normal to the axis (model systems Bap and Bp). For 
antiparallel orientation, two different directions of 
displacement are possible; hence two subsystems are 
distinguished, with positive and negative offsets (Figure 2). 
Additional model system, which considers the displacement 
along the line forming 45° angle with the C2 axis (model 
systems ABap and ABp) is presented in Supporting Information. 
Preliminary results for model systems Aap and Ap were 
published in a recent review,41 while here they are completed 
and broadened by including the other model systems. 
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Figure 2. Model systems for calculations of chelate-chelate stacking potential surfaces 
for antiparallel orientation. Model systems B(-)ap and B(+)ap are equivalent 
 
Figure 3. Model systems for calculations of chelate-chelate stacking potential surfaces 
for parallel orientation 
Data in Figures 4 and 6, as well as data in Tables 1 and 2, 
indicate that antiparallel chelate-chelate stacking is stronger 
than parallel, what is in accordance with larger number of 
antiparallel stacked chelates in the CSD crystal structures.17,41 
The chelate-chelate stacking for all three metals is the 
strongest in the model system Aap. 
For antiparallel model system, the shapes of potential 
energy curves Aap are not similar for nickel, palladium and 
platinum chelates (Figure 4). For nickel chelate-chelate 
stacking, minimum on Aap curve appears at r = 0.6 Å (Figure 4 
and 5), with CCSD(T)/CBS interaction energy of -9.50 kcal/mol 
(Table 1). This is the strongest interaction between nickel 
chelates found in this study. Minima for palladium and 
platinum chelates are at r = 2.7 Å (Figure 4 and 5), with 
CCSD(T)/CBS interaction energy of -9.21 kcal/mol, and -9.70 
kcal/mol, respectively (Table 1). These are the strongest 
chelate-chelate stacking interactions for palladium and 
platinum chelates found in this study. Also, these data show 
that platinum chelates form the strongest stacking interaction 
(Table 1). The results also indicate that chelate-chelate 
stacking is stronger than aryl-aryl stacking (-2.73 kcal/mol)7 
and chelate-aryl stacking (-6.39 kcal/mol).24 
 In the offset region from -0.9 Å to 3.0 Å the Aap curves are 
very different (Figure 4), suggesting the strong influence of 
metal ions (Figure 2). At other offsets, where influence of 
metal is not strong, the Aap curves are of similar shape for all 
metals, with platinum chelate-chelate stacking being the 
strongest and nickel chelate-chelate stacking being the 
weakest. 
At Bap curves, the starting geometry (0ap, Figure 5) is the 
minimum for all the metals (Bap min, Figure 4). The strongest 
chelate-chelate stacking at Bap curve is found for nickel 
chelates (the LC-ωPBE-D3BJ/aug-cc-pVDZ interaction energy is 
-8.98 kcal/mol, Table 1). At very small offsets, platinum 
chelate-chelate stacking is the weakest, however, at offsets 
larger than 1.2 Å, it is the strongest (Figure 4). Interestingly, at 
Bap curve interactions start getting stronger at offsets larger 
than 4.2 Å (Figure 4), where molecules do not overlap 
anymore. This is, however, attributed to double C-H/O 
interactions, not to chelate-chelate stacking. 
 
  
Table 1. Interaction energies (in kcal/mol) for the chelate-chelate stacking geometries in antiparallel orientation (Figure 5) calculated at LC-ωPBE-D3BJ/aug-cc-pVDZ level, with 
CCSD(T)/CBS level for the selected geometries.   
ANTIPARALLEL offset [Å] 
INTERACTION ENERGY 
LC-ωPBE-D3BJ/aug-cc-pVDZ CCSD(T)/CBS 
Ni Pd Pt Ni Pd Pt 
0ap (Bap min) 0.0 -8.98 -8.73 -8.05 - - - 
Aap 0.6 0.6 -9.42 -9.05 -8.31 -9.50 -8.86 -8.10 
Aap 2.7 2.7 -7.71 -9.30 -9.73 -7.83 -9.21 -9.70 
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Figure 4. Potential energy curves for chelate-chelate stacking in antiparallel orientation for model systems A and B, calculated at LC-ωPBE-D3BJ/aug-cc-pVDZ level. Normal 
distances were varied for each offset value in a series of single point calculations; the curve presents the energy of the strongest interaction for each offset.  
 
Figure 5. Geometries of energy minima on potential energy curves (Figure 4) for 
chelate-chelate stacking in antiparallel orientation. 
Parallel chelate-chelate stacking for different metals shows 
more similar curves than antiparallel stacking (Figure 6). For 
parallel orientations (Figure 3 and 6) chelate-chelate stacking 
minimum at Ap curve is the strongest for platinum, while for 
palladium and nickel, minima at Bp curves are the strongest 
(Table 2). The strongest chelate-chelate stacking in parallel 
orientation is Bp min for palladium (Figure 7) with interaction 
energy of -6.51 kcal/mol (Table 2).  
The  Ap curves show that the strongest stacking was found 
for platinum chelates. The platinum Ap min is at r = 1.5 Å 
(Figure 7), with interaction energy of -6.28 kcal/mol (Table 2). 
The palladium Ap min is at r = 1.8 Å with interaction energy of -
5.97 kcal/mol (Table 2). The Ap curves for palladium and 
platinum in the offset range from 3.3 Å to 4.2 Å are very flat 
(Figure 6), due to the overlaying of six-membered and four-
membered chelate ring (Figure 3).  
The Ap curve for nickel shows the minimum at r = 1.8 Å 
(Figure 6), but with significantly weaker stacking, interaction 
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energy is -4.80 kcal/mol, Table 2. However, at the area of 
overlapping of six-membered and four-membered chelates of 
nickel, new minimum appears at r = 3.6 Å (Figure 6), with 
somewhat stronger interaction energy of -5.03 kcal/mol.  
 As was mentioned above, for nickel and palladium parallel 
orientation stacking is strongest in Bp orientation (Figure 6, 
Table 2). The Bp min for palladium and nickel are found at r = 
1.8 Å (Figure 7), with interaction energies of -6.51 kcal/mol 
and -5.74 kcal/mol, respectively (Table 2). For platinum, the 
minimum on Bp curve is at r = 1.5 Å, with interaction energy of 
-6.19 kcal/mol (Table 2), which is somewhat weaker than 
platinum Ap min (-6.28 kcal/mol, Table 2). 
 
 
Figure 6. Potential energy curves for chelate-chelate stacking in parallel orientation for model systems A and B, calculated at LC-ωPBE-D3BJ/aug-cc-pVDZ level. Normal distances 
were varied for each offset value in a series of single point calculations; the curve presents the energy of the strongest interaction for each offset. 
 
 
Figure 7. Geometries of energy minima on potential energy curves (Figure 6) for 
chelate-chelate stacking in parallel orientation. The offsets for Ap min and Bp min 
geometries are 1.8 Å for nickel and palladium chelates, and 1.5 Å for platinum chelates.  
 
Overall, parallel chelate-chelate stacking (Table 2) is 
significantly weaker than antiparallel chelate-chelate stacking 
(Table 1). While the geometries of minima for nickel, palladium 
and platinum chelates are very different in antiparallel 
orientation (Aap 0.6 for Ni, Aap 2.7 for Pd and Pt, Figure 6), the 
geometries of minima in parallel orientation for these metals 
are very similar (Figure 8). The strongest antiparallel chelate-
chelate stacking is the one between platinum chelates, while 
the strongest parallel chelate-chelate stacking is between 
palladium chelates (Tables 1 and 2). Additionally, antiparallel 
chelate-chelate stacking is the strongest when chelates are 
displaces along the twofold symmetry axis (orientation Aap), 
while parallel chelate-chelate stacking is the strongest in 
perpendicular direction (orientation Bp). 
The stacking in additional antiparallel (ABap) and parallel 
orientations (ABp) (Figure S2, Supporting Information) is 
weaker than in antiparallel orientations Aap and parallel Bp. 
The energy in antiparallel ABap orientation exceeds -9.0 
kcal/mol only for nickel chelates, while in parallel orientation   
does not exceed -6.0 kcal/mol for none of the metals (Table 
S2). 
 
 
 
Table 2. Interaction energies (in kcal/mol) for the chelate-chelate stacking geometries in parallel orientation (Figure 7) calculated at LC-ωPBE-D3BJ/aug-cc-pVDZ level, with 
CCSD(T)/CBS energies for the selected geometries.   
PARALLEL 
offset [Å] 
INTERACTION ENERGY 
LC-ωPBE-D3BJ/aug-cc-pVDZ CCSD(T)/CBS 
Ni Pd Pt Ni Pd Pt Ni Pd Pt 
0p (Bp max) 0.0 0.0 0.0 -2.96 -4.32 -4.96 - - - 
Ap min 1.8 1.8 1.5 -4.80 -5.97 -6.28 -4.84 -5.82 -6.35 
Bp min 1.8 1.8 1.5 -5.74 -6.51 -6.19 - - - 
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Electrostatic Potential Maps 
 
The apparently different stacking energies and preferences 
of chelates of nickel, palladium and platinum towards certain 
stacking offsets (Figures 4-7, Tables 1 and 2) can be 
rationalized by their electrostatic potential maps (Figure 8). 
Significant differences among electrostatic potential maps of 
the chelate complexes of the three metals exist. Electrostatic 
potentials above the metals are very different: very positive 
above nickel, slightly positive above palladium and slightly 
negative above palladium (Figure 8).  
 
Figure 8. Electrostatic Potential maps for complexes containing chelate rings, at the 
surfaces defined by the 0.004 e-/Å3 contour of electron density. The data for plotting of 
the maps was taken from our previous work.41 
In Aap 0.6 geometry (Figure 5), C1 and C3 atoms of one 
chelate are above oxygen atoms of the other chelate. Because 
of the opposite potentials around these atoms (positive 
around C1 and C3 and negative around oxygen, Figure 8) it 
leads to electrostatic attraction. Simultaneously, slightly 
negative area around the C2 atom of one chelate is above the 
metal of the other chelate. Different potentials around metal 
atoms for the three metals (Figure 8) make difference in this 
geometry.  For nickel chelate, this electrostatic interaction is 
attractive, since electrostatic potential above nickel is very 
positive. For palladium chelate, electrostatic interaction is 
somewhat less attractive, since the potential above palladium 
is only slightly positive. For platinum chelate, electrostatic 
interaction is repulsive since the potential above platinum is 
slightly negative. Probably the most favorable electrostatic 
attraction between nickel chelates leads to Ni Aap 0.6 being 
the energy minimum and the strongest calculated stacking of 
nickel chelates (Figure 4, Table 1). 
In Aap 2.7 geometry (Figure 5), slightly negative potential of 
C2 atom of acac type chelate is located above very positive 
potential above C atom of four-membered chelate (Figure 8), 
leading to electrostatic attraction. Simultaneously, positive 
electrostatic potential above one chelate center is located 
above the metal area of the other chelate. Since the potential 
above nickel is also positive (Figure 8), the electrostatic 
attraction for nickel chelates in Aap 2.7 should not be very 
favorable. More favorable attraction could be found for 
palladium chelates, since potential above palladium is 
significantly less positive than above nickel. The most 
favorable electrostatic attraction can be expected between 
platinum chelates, due to negative potential above platinum 
overlapping with positive potential above chelate center 
(Figure S7). The favorable electrostatic interactions for 
palladium and platinum chelates cause Aap 2.7 geometry to be 
the energy minimum for these two metals (Figure 4).  
Parallel chelate-chelate stacking is weaker than antiparallel 
chelate-chelate stacking, since electrostatic interactions are 
not very favorable due to partial overlaying of the areas of the 
same electrostatic potentials (Figure 7). However, in Ap min 
parallel geometry metal area of one chelate is above the 
positive center of the other chelate (Figures 7 and S8). Since 
electrostatic potentials above platinum are slightly negative 
(Figure 8), there is electrostatic attraction with positive chelate 
center, causing Pt Ap min to be the strongest parallel platinum 
chelate-chelate stacking found in this study (Table 2). Potential 
above nickel and palladium chelate is positive, causing the 
electrostatic repulsion, with positive potential above the 
center of the other chelate in this geometry (Figure S8).  
The Bp min geometry is not very stable for platinum. In 
these geometry, the area above metal of one chelate is in 
contact with the area above oxygen of the other chelate 
(Figure 7). In platinum complex, negative potentials around 
platinum causes repulsion with negative potentials around 
oxygen atoms. More favorable parallel chelate-chelate 
stacking of nickel and palladium chelates is found in Bp min 
geometries (Table 2). Since potential above nickel is very 
positive, attractive electrostatic interaction occurs with 
negative oxygens, making Ni Bp min geometry the one with the 
most stable parallel nickel chelate-chelate stacking (Table 2). 
Slightly positive palladium and negative oxygen produce only 
slight electrostatic attraction. However, Pd Bp min geometry 
has the strongest stacking of any chelates in parallel 
orientation found in this study. It is probably the consequence 
of stronger dispersion interactions for palladium (4d metal) 
than for nickel (3d metal) chelates.  
Conclusions 
Chelate-chelate stacking interactions of acac type chelates of 
nickel, palladium and platinum were studied by using quantum 
chemical methods. The calculated interaction energies at 
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CCSD(T)/CBS level showed that chelate-chelate stacking is 
significantly stronger than corresponding chelate-aryl27 and 
aryl-aryl stacking.7  
The results show that stacking of chelates in antiparallel 
orientation is stronger than stacking of chelates in parallel 
orientation, due to electrostatic attraction of antiparallel 
oriented chelates and electrostatic repulsion of parallel 
oriented chelates. These results are in agreement with the CSD 
studies, which show the preference for antiparallel orientation 
of stacked chelates.17,41 The strongest stacking is found for 
platinum chelates, with CCSD(T)/CBS interaction energy of 
-9.70 kcal/mol, with palladium and nickel chelate-chelate 
stacking being somewhat weaker, with interaction energies of 
-9.21 kcal/mol and -9.50 kcal/mol. However, while the 
geometries of the strongest chelate-chelate stacking of 
palladium and platinum chelates are similar, the geometry of 
the strongest stacking of nickel chelates is different. Different 
geometries of energy minima for nickel, palladium and 
platinum chelates are the consequence of their electrostatic 
potentials, which are very positive above nickel atom, slightly 
positive above palladium and slightly negative above platinum 
atom. This study shows significant strength of chelate-chelate 
stacking interactions, with special emphasis on metal 
influence, on both their energies and geometries.   
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